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Abst*act 
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I.  INTRODUCTION 

Progress  has  been  achieved  during  the  first  half  year  of  this  grant  in  three  directions: 
1)  1/f  noise  in  n*-o  HgCdTe  photodetectors  which  will  be  reviewed  in  Sec.  II:  2)  Coherent 
state  quantum  1/f  noise  which  will  be  reviewed  in  Sec.  Ill:  and  3)  Quantum  1/f  noise  in 
SQUIDs  which  will  be  considered  in  Sec.  IV. 

The  results  of  1/f  noise  calculations  in  n‘*’-o  HgCdTe  diodes  performed  on  the  basis  of 
the  quantum  1/f  noise  theory  are  presented  and  compared  with  measurements  at 
temceratures  of  77K.  i93K  and  300K.  as  well  as  with  other  exorimental  data.  Although  the 
calculations  do  not  contain  adjustable  parameters,  a  very  encouraging  correspondence 
between  theory  and  experiment  is  found,  and  a  unified  first  principles  description  of  1/f 
noise  contributions  from  scatering,  tunneling,  or  surface  and  bulK  recombination  cross 
sections  is  obtained. 

Experiments  on  n'*‘-p  HgCdTe  diodes  oerformed  at  temoeratures  between  77K  and  300K 
indicate  a  linear  dependence  of  the  1/f  current  noise  power  spectrum  on  dark  current  at 
sufficiently  large  bias  and  a  quadratic  dependence  at  very  low  bias.  The  observed  values 
of  the  Hocge  oarameter  are  comoared  with  the  predictions  of  the  quantum  1/f  theory  in  the 
diffusion  model  and  found  to  be  between  coherent  and  incoherent  quantum  1/f  values, 
closer  to  the  latter.  The  inclusion  of  bulk  and  surface  Quantum  1/f  recombination  rate 
fluctuations  improves  the  agreement  with  the  quantum  1/f  theory  for  n‘*‘-o  diodes. 

An  electrically  charged  particle  includes  the  bare  particle  and  its  field.  The  fielq  nas 
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sftn  snown  :n  tr.e  Us*  two  secacas  to  oa  :r  a  ronarent  state •  wnich  is  not  an  eigenstate  at 
the  Hamiltonian.  Consequently,  the  physical  particle  is  not  cescnbed  py  an  energy 
eigenstate,  and  is  there^re  not  in  a  stationary  state.  In  3ec.  Ill  or  tris  reoort  we  snow 
that  the  fluctuations  arising  from  this  non  -  stationaritv  have  a  1/f  spectral  density  and 
affect  the  ordered,  collective,  or  translational  motion  of  the  current  carriers.  This 
"coherent"  quantum  1/f  noise  should  be  present  along  with  the  familiar  quantum  1/f  effect 
of  elementary  cross  sections  and  process  rates  introduced  ten  years  ago,  Just  as  the 
magnetic  energy  of  a  biased  semiconductor  sample  coexists  with  the  Kinetic  energy  of  the 
individual,  randomly  moving,  current  carriers.  The  amplitude  of  the  quantum  1/f  effect  is 
always  the  difference  of  the  coherent  quantum  1/f  noise  amplitudes  in  the  "out"  and  "in" 
states  of  the  process  under  consideration  and  dominates  in  small  samples,  while  large 
samples  should  exhibit  the  larger  coherent  quantum  1/f  noise. 

In  the  last  section  of  this  report,  Sec.  IV,  the  fundamental  quantum  1/f  fluctuations  of 
the  cross  sections  and  transition  rates  which  determine  the  normal  resistance  are 
evaluated  for  the  case  of  a  Josephson  junction.  Considering  the  velocity  change  in  the 
quantum  1/f  formula  equal  to  twice  the  Fermi  velocity  and  the  concentration  of  carriers  in 
the  barrier  lO^^cm*^,  a  spectral  density  of  fractional  fluctuations  in  the  normal 
resistance  of  the  barrier  of  4  10"^^/f  is  obtained  for  a  junction  with  a  volume  of  the 
barrier  of  lO'^^cm^.  These  fluctuations  are  inversely  proportional  to  the  barrier  volume 
and  result  in  voltage  fluctuations  both  directly  and  through  the  dependence  of  the  critical 
current  on  the  normal  resistence,  in  gcKid  agreement  with  the  experimental  data. 


II.  1/f  NOIS8  STUDY  OF  n'^-p  HgCdTe  PHOTODBTBCTORS 


Infrared  detector  applications  have  led  to  increased  interest  in  understanding  and 
controlling  1/f  noise  in  n^-p  junctions,  as  reflected  in  several  recent  studies*"®.  These 
studies  have  connected  1/f  noise  with  surface  and  bulk  leakage  currents.  The  leakage 
currents  causing  1/f  noise  have  been  identified  as  generation  -  recombination  (GR) 
currents  when  the  gate  voltage  was  optimised  <Vg,()),  tunneling  currents  otherwise. 
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The  study  by  Radtord  and  Jones  nas  also  noticed  a  lower  fractional  l/f  noise  cower  in 
double  -  eoilayer  junctions  (4  10“®)  comoared  to  ion  -  implanted  diodes  and  oy  ore 

or  two  orders  o-f  magnitude  lower  noise  in  Si02  oassivated  diodes  comoared  with  Zr.3 
passivated  Junctions. 

The  oresent  paoer  reports  the  results  of  our  experiments  on  i/f  noise  in  n‘*'-o 
Hgj.jjCdjjTe  photodiodes  and  in  other  junction  devices  together  with  the  aoplication  of  the 
Quantum  1/f  noise  theory^”^^,  in  order  to  gain  both  a  better  understanding  of  1/f  noise 
and  a  tool  for  better  controlling  it.  We  will  emphasize  the  comoarison  of  theory  and 
exoeriment  at  every  step. 

We  first  address  the  problem  of  1/f  noise  phenomenologically  in  Sec.  2.1  which  also 
explains  our  method  of  comparing  experiment  and  theory.  Sec.  2.2  presents  some 
predictions  of  the  quantum  1/f  noise  theory*  including  both  conventional  quantum  l/f  noise 
and  coherent  states  quantum  1/f  noise.  Section  2.3  brings  a  comparison  with  the 
exoeriment*  and  Sec.J presents  some  quantum  i/f  noise  contributions  which  are  imoortant 
for  n'^'-p  diodes.  Sec.  2.S  contains  a  concluding  discussion  of  the  1/f  noise  problem  in  n'*’-o 
Hg^.^Cd^Te  photodiodes. 


2.1.  PHENOMENOLOGY  OF  1/F  NOISE 


There  are  many  forms  of  low  frequency  current  noise  observed  in  diodes  and  other 
junction  devices.  As  forms  which  are  not  of  l/f  type  we  mention  here:  1)  Shot  noise  with  a 
white  2el  spectrum  for  any  current  I;  2)  (H)  noise  with  Lorentzian  spectral  density 
components  ASI^/d  ♦  4^f2«i^  for  each  current  I  of  carriers  of  lifetime  t;  3)  Burst  noise 
with  a  spectrum  and  current  dependence  similar  to  GR  noise  with  the  time  constant  of  the 
controlling  trap(s)  substituted  forf;  4)  Thermal  relaxation  fluctuations*  also  characterized 
by  a  Lorentzian  soectrum*  with  the  thermal  relaxation  time  substituted  fortr;  *) 
Nonstationarity  due  to  the  relaxation  of  the  material  defects  in  time  will  yield  a  f~^ 
spectral  component  which  may  give  a  power  law  spectrum  with  an  exoonent  below  ~2  in 


combination  with  othfr  noisi  oroctssas*  over  a  limited  soectral  interval.  The  tirst  three 


ot  these  also  have  an  associated  ouantum  l/t  noise  contribution»  as  we  shall  see. 

H  these  well  Known  forms  of  low  frecuency  noise  are  brought  under  control  by 
straightforward  technological  improvements  in  the  orocess  of  fabrication*  th*-  ievice  will 
remain  limited  by  1/f  noise  which  is  also  observed  in  homogeneous  samples. 

In  agreement  with  earlier  observatipns*  Hooge  found  in  1969  that  in  semiconductor 
resistors  the  fractional  1/f  noise  power  density  Sj(f)/(I)^  was  inversely  proportional  to 
the  number  N  of  carriers  in  the  sample.  He  could  therefore  write 

Sj(f)/a)2  (2J) 

where  is  an  empirical  factor*  the  Hooge  parameter*  that  is  defined  by  Bq.  (2  J).  For  long 
samples  Hooge  foundaijj  *  2x10'^*  for  short  devices  we  found  that  can  be  much  smaller. 
We  come  bade  to  this  in  a  moment. 

If  V  is  the  applied  voltage*  g  the  conductance  of  the  sample  and  L  the  device  length*  we 

have 


I  »  gV  » 


(2.2) 


so  that  I  can  fluctuate  if^*  or  N*  or  both  fluctuate.  Hence 
Sj<f)/a)2  a  S^<f)/^N)2*  where  (2J) 


If  we  now  write 

H<*} 


«  sothat^ y*'* 

where^(t)  is  the  mobility  of  an  individual  carrier*  we  find 
^(f)/(^)2  a  Sj,(f)/(N)2  +  ^(f)/I^^)2 


(2.5) 


Sincf  is  ineepsnaen-t  ot  i  and  N.  and  varies  as  l/'f*  we  equate  it  to 

mobility  fluctuation  l/f  noise  always  yields  the  Kooge  relation^  whereas  number 
fluctuation  noise  yields  a  Hooge  type  form  |&^/(Nf)  if  and  only  if  S]ij(f)  is  prccortional  to 
N.  This  is  the  case  for  MOSFETs  but  may  not  be  true  for  other  devices. 

In  view  of  the  above  one  would  expect  Eq.  (2  J)  to  be  true  for  semiconductor  resistors* 
MOSFETs*  JFETs  with  very  low  g-r  noise  and  in  junction  devices  in  which  the  current  flow 
is  governed  by  diffusion.  It  is  not  valid  for  GaAs  MESFETs  and  MGDFETs  because  the 
noise  is  often  governed  by  fluctuations  of  the  trap  occupancy  in  the  soace  charge  region 
and  is  not  of  the  1/f  type. 

In  most  cases  the  carrier  distribution  is  non*njniforffl.  Obviously  one  must  then  replace 
Sq.  (2  J)  by 

Si(x»f)/l2(x)  a  <it^/fN(x)4x»  (2M 

for  any  section  4x;  here  N(x)  is  the  carrier  density  per  unit  length*  and  «(jjis  independent 
of  X.  Calculating  the  current  noise  Sj(f)  contributed  to  the  external  circuit  by  a  section  4x* 
summing  over  all  sections  4x  and  expressing  it  in  terms  of  the  external  current  I  one  may 
obtain 

SjCf)  a  I^olH/fN,^.  (2.da) 

in  many  cases;  here  is  an  effective  number  of  carriers.  If  is  independent  of  the 
current  I*  Sj(f)  varies  as  if  is  proportional  to  1  as  is*  e.g.*  the  case  for  injection 
processes*  S{(f)  varies  as  I.  Equation  (2.da)  is  not  valid  for  MOSFETs  and  JFETs*  because 
of  the  nonlinearity  of  the  device*  but  in  many  junction  1/f  noise  mechanisms  (2.da)  holds 
and  is  qrooortional  to  I. 

In  general  we  use  So.  (2.6)  to  calculate  the  exoected  noise  power  spectrum  as  the 
unidxiwn  Hooge  parameter  times  a  Known  function  of  current*  frequency*  temoeraturc  and 
other  device  parameters.  Measuring  Sj(f}  we  then  determine  an  experimental  value  of  the 


Hooge  oarametep  Finally  we  compare  this  result  with  the  theoreticai  value  ot  tre 
Hooge  parameter  derived  from  the  theory  o^  the  ouantum  i/i  efrect.  This  method  is 
oreterable  because  it  allows  us  to  recognize  cases  in  which  the  dominant  ouantum  i/i  noise 
contribution  does  not  come  from  mobility  fluctuations*  but  from  fluctuations  ot  the  surface 
OP  bulK  recombination  rates*  or  o-f  the  injection  or  trapping  rates.  Such  cases  are  treated 
by  us  with  a  similar  method  as  the  one  based  on  Eq.  (2.6)*  with*  e.g.*  the  fluctuations  o-f  the 
recombination  cross  sections  reolacing  the  scattering  cross  sections  reflected  in  the 
mobility  fluctuations. 

We  must  now  start  from  So<  (2.6)  and  calculate  Sj(f).  This  yields  for  MCSFETs  and 
JFETs 

Sid(f)*o(H‘V^d''d^^^-^  (2.7) 

below  saturation.  Here  V^is  the  drain  voltage*  the  drain  current* ^the  carrier  mobility 
in  the  cannel  and  L  the  channel  length.  Since  all  parameters  are  easily  measurable*  the 
observed  values  of  Sj(j(fl  yield  with  an  accuracy  of  20X. 

For  n*-o-n  transistors  the  collector  1/f  noise  is  found  to  be 


3lc(f)  s  <«HnI-(=Dn/fWj,2)  In  CN(0)/P(Wj,)3  (2.3) 

due  to  electron  injection  into  the  base  region*  and 

Sib(f)  *  (qDp/fW,2)  In  CP(0)/P(W,)3  (2.9) 

for  the  base  1/f  noise  due  to  hole  injection  into  the  emitter.  Here  Wp  and  W^  are  the  base 
and  emitter  lengths*  respectively*  N(0)  and  N(Wjj)  the  electron  concentrations  oer  unit 
length  at  the  end  points  of  the  base*  etc.  Since  lnCN(0)/N(Wjj)]  and  lnCP(0)/P(Wg)l  are  slow 
functions  of  bias*  Sj^if)  and  Sj(j(f)  should  vary  approximately  as  and  Ip.  Since  the 
emitter  is  very  heavily  doped*  Dp  is  inaccimately  known  and  lnLN(0)/N(Wp)]  and 


*-  %  *•  , 


InL?(0)/P<Wg;]  are  inaccurately  r<nQwr>.  sa  tnat  the  values  atoc’jj  aotained  trom  tre  cata  mav 
De  ot*  C¥  a  tactar  2-5  an  either  side  esoecially  ♦or 

Eouations  (2.S)  and  (2.9)  also  hold  -or  short  diodes  EW<<(Dt)^''^3*  but  Wj,  and  must 
be  reolaced  by  the  length  W  O'f  the  di'f'fusion  region.  For  long  diodes  we 

obtain 

Si(fl  =  ^2.10) 

with 

F(!f)=  l/3-l/2)r+l/f2-qv/kTr3;  Jr=  exo(qV/KT>  -  1,  (2.10a) 

where  t  is  the  minority  carrier  lifetime  in  the  diffusion  region  and  V  the  aoolied  bias.  The 
last  form  of  So.  (2.10)  is  a  useful  aoproximation  valid  for  the  frequently  encountered  case 
qV/KT  >>  1.  Often  'Sis  inaccurately  Known*  so  that  the  value  of  «<^*  evaluated  from  the 
data  with  the  help  of  (2.10)  may  be  off  by  a  factor  5  either  way.  More  accurate  values  of  ‘c 
are  urgently  needed. 

2.2.  QUANTUM  l/F  NOISE  THEORY 

For  large  devices  (L  >  1000 yaneter)  I  have  introduced  the  concept  of  coherent  state 
quantum  1/f  noise^*"**.  In  that  case  the  Hooge  parameter  oipj  may  be  written 

*  <*^H^coh  ’  »  4.4X  10’3,  (2 Jl) 

where  <>(*1/(137)  is  the  fine  structure  constant.  This  is  of  the  same  order  of  magnitude  as 
the  empirical  value  *  2x10'^  that  Hooge  found  for  long  devices.  It  is  therefore 
oroposcd  that  Hoogc's  emoirical  value  foro^-^  is  due  to  coherent  state  quantum  1/f  noise* 
so  that  it  has  a  very  fundamental  origin.  Coherent  Quantum  1/f  noise  will  be  discussed  in 


detail  in  Sec.  III. 


>  /  /V 
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For  small  devices  (L  <  100  meter)  I  ^ave  orooosed  inconerent  13"15  Quantum  l./^ 
noise.  In  that  casea(p{  may  be  written 

e<H  *  ^®<H’incoh  *  <4«/3ir)C(iv)2/(c2)l  (2.12) 

where  av  is  the  change  in  the  velocity  ot  the  carriers  in  the  interaction  orocess 
considered.  This  expression  holds  for  any  l/f  noise  source  describable  by  fluctuating 
cross-sections.  Since  usually  {^^/zh  <<  1»  exceot  for  carriers  with  a  very  small  effective 
mass*  we  now  have  3.1x10“^.  This  may  explain  the  low  values  of  (in  the  ranoe  of 

•5  —9 

o^H  *  10  10  for  very  small  devices.  In  between  one  can  introduce  a  oarameter  S  = 

f(L/Lg)  where  Lgis  a  cnaracteristic  length  and  write 

+  («H)cohCS/(l+S)3  (2.13) 

with  for  L/Lg  »  1  and  S-»0  for  L  «  Lg.  According  to  this  rough  approximation^^^  Lg 
*  100 yometer  for  samples  with  a  concentration  c  of  carriers  of  lO^^cm'^  and  varies 
proportional  to  This  describes  the  transition  from  Eo.  (2.11)  to  Eq.  (2.12)  when  one 

goes  to  devices  with  smaller  and  smaller  lengths. 

For  carriers  with  a  Maxwellian  velocity  distribution  we  have  in  the  elastic  collision 
aporoximation 

2v2  3  2v2  s  6l<T/m*,  (2.14) 

Substituting  into  Eq.  (2.12)  one  obtains  values  for«^  that  are  afactor  30  -  1000  smaller 
than  what  is  found  experimentally.  A  more  accurate  calculation^^  of  the  normal  ohonon 
interaction  processes  gives  values  that  are  only  a  factor  3  larger  than  Eq.  (2.12).  Normal, 
or  non  -  UmKlaoo  electron  -  phonon  collision  orocesses  can  therefore  not  exolain  these 


data. 


iO 


In  the  UmKliOO  Quantum  1/+  ncise  spocess^^  tne  carrier  can  transfer  a  momentum  n/a  *.o 
OP  from  the  lattice*  wnere  a  is  tne  lattice  constant  ana  h  is  Piancif's  constant.  If  the 
corresponding  velocity  change  of  tne  carriers  is  pv*  we  have 

m^Av  *  h/a;  <Av/c)^  *  (h/m*ac)“.  (2.15) 


so  that 


o<.  jj  eocuy  =  (4«/3^7)Ch/m*acj2.  (2.i5a) 

When  this  is  applied  to  low-noise  Silicon  n-channel  JFETs  and  p-channel  MOSFETs*  one 
obtains  values  that  are  about  a  factor  3  too  large*  whereas  the  accuracy  of  the 
measurements  is  20-30%.  The  reason  is  that  we  have  forgotten  to  multiply  (2.15a)  by  the 
orobability  exo(-6j)/2T)*  where  653  is  the  Debye  temperature,  that  the  interaction  process 
is  of  the  UmKlapp  type.  Hence  a  better  approximation  should  be 

s  (4«></3inCh/m*ac32exp<-^/2T).  (2.15b) 

This  agreed  with  measurements^®  on  n-channel  JFETs  and  o-channel  MOSFETs  within  the 
exoerimental  accuracy  of  20-30%.  In  the  case  of  n-channel  JFETS  the  measurements  were 
done  in  the  250-400  K  temoerature  range  and  the  temperature  dependence  exp(-^jj/2T)  of 
was  verified within  10%.  We  see  from  Eq.  (2.15b)  that  decreases  rapidly  for 

^Ij/ZT  »  1. 

At  this  point  we  provide  a  brief  physical  explanation  of  the  quantum  i/f  effect. 
Consider  for  example  Coulomb  scattering  of  charged  particles  by  a  fixed  charge.  The 
outgoing  (scattered)  Schroedinger  field  monitored  by  a  detector  at  an  angle  6  from  the 
direction  of  the  incoming  beam  contains  a  main  non  -  bremsstrahlung  part  and  various 
contributions  which  lost  small  amounts  of  energy  €»  hf  due  to  the  emission  of  a 
bremsstrahlung  photon  of  arbitrarily  low  freguency  f»  and  therefore  have  a  DeBroglie 
frequency  lowered  exactly  by  f.  The  expression  of  the  outgoing  scattered  current  density 


IS  quaoratic  in  the  outgoing  Schroedinger  field  and  will  contain  a  major  non  - 
bremsstrahlung  part*  a  small  bremsstahlung  part»  and  two  cross  terms  croportional  to  both 
the  non  -  bremsstrahlung  and  the  bremsstrahlung  parts  of  the  scattered  charged  oarticles 
wave  function.  These  cross  terms  oscillate  with  the  beat  frequency  f.  Photons  are 
emitted  at  any  frequency*  and  therefore  the  cross  terms  will  contain  any  frequency  f  with 
an  amolltude  proportional  to  the  bremsstrahlung  scattering  amplitude.  The  fluctuating 
cross  terms  will  be  registered  at  the  detector  as  1/f  noise  in  the  scattering  cross  section. 

For  an  elementary  derivation  of  the  quantum  1/f  effect  we  start  with  the  classical 
(Larmor)  formula  for  the  power  2q^^/3c^  radiated  by  an  accelerated  charge.  The  sudden 
acceleration ^i'(t)  suffered  by  the  charged  particle  during  scattering  has  a  constant 
Fourier  transform  v^  *  Av*  where  av  is  the  velocity  change  during  the  scattering  process 
and  Jit)  the  delta  function  of  Dirac.  Therefore  the  spectral  density  Aq^iv'fl^/Sc^  of  the 
radiated  energy  can  be  written  In  the  form  4q^(Av)^/3c^  and  docs  not  depend  on  f.  Dividing 
by  the  energy  hf  of  a  photon*  we  get  the  number  spectrum  4q2(iv)2/3c®hf  of  the  radiated 
photons*  where  h  Is  PlancK's  constant.  Since  the  amplitude  of  each  of  the  two  cross  terms 
is  oroportlonal  to  the  amplitude  of  the  bremsstrahlung  part  of  the  scattered  oarticles 
wave  function*  the  fractional  spectrum  of  the  observed  1/f  noise  Is  twice  the  number 
spectrum  of  the  emitted  photons  per  scattered  charge  carrier: 

I"^Sj(f)  »  3q2(Ov)2/3c^hf  (2.16) 

With  the  definition  o(a  2irq2/hc  of  the  fine  structure  constant  this  Is  identical  with  Eq. 
(2.12)*  and  this  completes  our  elementary  derivation  of  the  conventional  (incoherent) 
quantum  1/f  effect. 

All  scattering  cross  sections  and  orocess  rates  defined  for  the  current  carriers  must 
fluctuate  with  a  fractional  spectral  density  given  by  So.  (2.16).  Aoplled  to  scattering 
cross  sections*  this  means  that  the  collision  freouency*  the  mean  time  between  collisions* 
and  the  mobility  of  each  carrier  indeoendently*  must  all  fluctuate  with  the  same  fractional 


2 


scectrum.  This  allows  us  to  aocly  the  oenvation  or  tne  1/N  tactor  for  mobility 
•♦LictuationSf  presented  in  EoSi  (2>2)~(2>5).  The  Hooge  formula*^  is  thus  derived  from  first 
orincioles  as  a  Quantum  1/f  result  withrfj^  given  by  Eq.  (2.12).  All  1/f  noise  formulae 
derived  on  the  basis  of  the  Hooge  formula  can  therefore  be  taken  over  as  ouantum  i/f 
results  with  the  aopropriate  quantum  i/f  Hooge  parameter »  but  they  will  provide  only  the 
quantum  1/f  contributions  from  the  scattering  cross  sections.  Therefore  they  will  not 
describe  the  experimental  results  oroperly  in  general*  until  we  add  the  comolementary 
contributions  from  Quantum  1/f  fluctuations  of  the  surface  and  bulk  recombination  cross 
sections*  from  quantum  1/f  fluctuations  in  tunneling  rates*  or  possible  injection  - 
extraction  contributions  from  the  velocity  changes  av  in  transitions  of  the  carriers  in 
junctions  and  at  contacts.  Some  of  these  complementary  contributions  turn  out  to  be 
similar  to  results  of  earlier  calculations  based  on  the  McWhorter^  ^  and  North-Fonger^^ 
models*  in  which  the  correct  quantum  1/f  expression  of  recombination  rate  fluctuations  are 
replacing  the  rate  fluctuations  postulated  by  McWhorter  and  North.  McWhorter  had 
considered  transitions  to  and  from  traps  in  the  surface  oxide  layer  and  North  thermal 
fuctuations  of  the  surface  potential  as  the  final  cause  of  1/f  noise.  Other  quantum  1/f 
contributions*  finally  do  not  even  bear  a  formal  resemblance  to  earlier  calculations.  We 
conclude  that  the  quantum  1/f  approch  provides  both  a  foundation  and  a  properly  weighted 
synthesis  of  earlier  calculations*  as  well  as  additional  contributions.  In  the  same  time  the 
quantum  1/f  approach  eliminates  all  free  parameters  or  fudge  factors*  leaving  only  the 
fine  structure  constant  as  a  common  factor  of  all  electromagnetic  quantum  1/f 
contributions.  Unfortunately  not  all  ouantum  i  /f  noise  contributions  have  been  worked  out 
in  sufficient  detail  so  far*  as  will  be  seen  in  Sec.  2.4*  due  to  limitations  in  time  and 
secretarial  services. 
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2.3.  EXPERIMENTAL  VERIFICATION 

For  the  best  n-channel  MOSFETS  (o^n^exp  50  larger  than  (^TH^theory' 

indicating  that  the  quantum  l/i  noise  is  here  masked  by  another  noise  source*  which  is 
orobably  sur'face  i/f  noise  caused  by  traos  in  the  oxide.  Aoparently  the  p-channel 
MOSFETs  have  lower  oxide  trap  densities*  whereas  is  about  one  order  of  magnitude 
larger;  as  a  consequence  the  Quantum  limit  (2.15b)  can  be  reached  in  the  best  units. 

For  a  device  length  L  comparable  to  or  smaller  than  the  free  path  length  for  UmKlaoo 
processes*  must  be  multiplied  by  a  factor  g(L/A)*  where  g(L/A)'*l  for  UX  »  1  and 
g(L4i  for  L/a  «  1  (ballistic  limit).  The  same  is  true  for  normal  collisions*  but  with  a 
different  X-  The  function  g(L/;i)  has  still  to  be  evaluated. 

In  the  1/f  noise  of  the  base  current  of  transistors  Eq.  (2.9)  indicates  that  S||,  should 
vary  practically  linearly  with  Ijj.  This  was  verified^^  for  (jE82-185  silicon  p+-n-p 
transistors*  and  the  value  of«(]^  agreed  roughly  with  Eq.  (2.1Sb).  In  NBC  57807  Silicon 
n*-o-n  microwave  transistors  Sj(f)  varied  as  Ij,^*  with  )f=  1.5  at  larger  currents  and 
somewhat  smaller  at  lower  currents.  Hence  the  parameter  « could  not  be  properly 
defined.  The  quantum  1/f  noise  effect  in  the  mobility  seems  here  to  be  masked  by  (most 
likely  also  quantum  1/f  type)  fluctuations  in  the  surface  recombination  velocity  s  at  the 
surface  of  the  emitter-base  space  charge  region.  Zhu^^  gave  ^ 

estimated  value  of  could  be  10  times  larger  due  to  an  inaccurate  estimate  of  Dp*  so  that 

(-h)  and  <^H^theory  *  comparable. 

The  1/f  noise  in  the  collector  current  of  silicon  transistors*  both  of  the  n'*‘-p-n 
variety  and  of  the  o‘*’-n-p  type*  is  extremely  small.  It  is  estimated  that  a  is  at  least  a 
factor  100  smaller  than  the  value  deduced  from  Eq.  (2.15b).  Apparently  the  Umklaoo  1/f 
noise  IS  nere  absent.  The  NEC  57307  n+-o-n  microwave  transistor  had  a  base  width  of 
0.35^eter  so  that  it  could  be  ooerating  near  the  ballistic  limit.  For  the  GE82-185  the 
bases  width  was  1.^5^eter  and  hence  it  should  be  ooerating  in  the  collision  mode.  This 


abstnct  O'f  UmtCapp  l/i  nois«  is  caused  by  the  manufacturing  of  the  devices  on  100  crystal 
surfaces  which  avoids  the  Umklapo  processes  through  the  Umklapp  -  unfavorable  position 
of  the  energy  minima  of  silicon  for  this  particular  orientation. 

We  have  obtained  some  preliminary  data^^  on  n+-p  Hgi_^Cd^Te  diodes  with  x  »  0.30. 
The  diodes  were  made  on  an  epitaxial  layer  lOyumeter  thicK»  the  emitter  contact  was 
150x150 ^meter»  the  length  of  the  p-region  was  about  2  mm  and  the  geometry  was  very  far 
from  rectangular.  For  a  rectangular  approximation  the  effective  volume  of  the 
p-region  would  be  10“^xUxl0'“^x0.2cm^  *  3x10"^  cm^*  but  for  the  actual  geometry  Veff 
could  be  larger  or  smaller.  The  error  could  be  a  factor  5  in  any  direction. 

At  300  K  and  forward  bias  it  was  found  that  Sj(f)/I^  was  constant*  as  expected  for  the 
1/f  noise  of  the  series  resistance  R,  of  the  p-region.  Since  for  x  >  0.30  the  material  is 
nearly  extrinsic  and ^y^p»  noise  comes  from  electrons;  hence  Bq.  (2U)  may  be 
written 

Sj(f)/l2  »  o^j^/f N  «  (2.1d) 

where  Pg  is  the  electron  concentration  in  the  p-region.  Evaluating  Og  and  estimating 
as  shown*  Wu  and  van  der  Ziel^^  found  o(|j  •  1.7x10*^.  This  is  a  factor  3.5  larger  than 
Handel's  value  of  4.6x10*^  found  for  coherent  state  quantum  1/f  noise*  but  the  possible 
error  may  be  a  factor  5  in  any  direction. 

At  300>  X  and  lower  temperataures  it  was  found  that  Sj(f)/III  was  about  constant  for  not 
too  small  back  bias*  This  meant  that  Bq.  (2.10)  might  be  applicable.  The  difficulty  was 
that  the  life  tim»T„  of  the  carriers  was  poorly  Known.  The  relative  shape  of  the  r^(T) 
versus  T  curves  is  Known;  should  have  a  maximum  at  intermediate  temperatures  and 
drop  off  appreciably  at  lower  and  at  higher  temperatures^^.  Wu  and  van  der  Ziel^^ 
therefore  took  Tj,(300)  ■  1.0x10’®  mc*7„q93)  ,  55,10-8  sec  and'^n^^^'  ■  0.5x10"®  sec.  This 
yielded  (‘’^H^^xp  *  2x10"^*  whereas  (“^f^theory  *  ^*10"®*according  to  Bq.  (2.15b)  and 


s  4.6x10"^.  This  means  that  (^H^exp  between  ^'’^Hn^theory  ^H^coh'  ^^oser  to  the 
■former. 

How  should  this  be  interpreted?  In  view  of  the  fact  that  UmKlapp  1/f  noise  seemed  to 
be  absent  in  the  collector  1/f  noise  of  bipolar  transistors*  and  that  this  noise*  if  present* 
would  have  been  generated  in  the  base  region*  we  cannot  be  sure  that  UmKlapp  1/f  npise  is 
generated  in  the  p-^egion  of  long  n'^-p  diodes.  The  safest  conclusion  that  can  be  taKen 
from  the  fact  that  <<5'h^,xp  *  ^®^'*H^heory  presence  of  UmKlapp  1/f  noise  in 

Hg^.^Cd^Te  has  not  been  demonstrated*  nor  has  the  absence  of  UmKlapp  1/f  noise  been 
proved. 

A  somewhat  more  optimistic  conclusion  cannot  be  completely  ruled  out*  however.  In 
long  n+-p  diodes  one  has  to  split  the  p-region  into  a  diode  part  and  a  series  resistance 
part.  The  boundary  lies  about  1'2  diffusion  lengths  from  the  junction*  so  that  the  diode 
part  of  the  p-region  may  be  a  few  hundred  ^eter  long.  This  might  bring  the  generated 
noise  about  halfway  between  coherent  state  1/f  noise  and  the  UmKlapp  1/f  noise. 

1/f  noise  in  n'*’-p  Hgj_^Cd^Te  occurs  in  many  forms  and  each  form  should  be  tested.  If 
a  Hooge  parameterar^  can  be  defined  from  the  measured  data*  one  can  investigate  whether 
or  not  the  measured  value  oftx^  agrees  with  the  theoretical  value*  lies  above  it*  or  lies 
below  it.  If  a  Hooge  parameter  cannot  be  defined  one  can  still  measure  spectra  at  various 
currents*  compare  with  theoretical  spectra  and  see  whether  the  quantum  1/f  noise  is 
masked  or  is  absent. . 


2.4.  RBVIBW  OF  QUANTUM  1/f  NOISE  SOURCES  APPUCABLE  TO  n'^-p  DIODES 


The  various  Quantum  1/f  noise  sources  suggested  by  the  author*  which  we  will  consider 
here*  have  in  common  that  they  can  be  described  by  So.  (2.12)  but  with  a  value 
described  by  an  "energy"  E  *  qV,^ 


(av2)/c2  s  2S/m*c^  *  2qVj^^/m*c2 


(2.17) 


Sxamplts: 


(a)  RccombinAtion  ouAntum  1/f  noise  in  the  oulK  soAce  chArge  region^; 

Sj(«  *  «HalIgplCtAnh(aV/2KT)3/t(TnQ  + 1^^);  (2.13) 

»  (4a/3tnC2q(Vjjj^-V)+3kT3{(m„*)^'2+(„^*)l/2j-2c-2, 

wehpe  Igp  *  qAWnj(  is  the  recomoinAtion  current.  And  ipjj  the 

ShodCey-HAll-RcAd  li-fetimcs.  V  the  AooUed  voltAye  And  the  dif-fusion  ootentlAl 
the  junction.  Introducing  An  “effective  eerier  number”  ■ 

'^^itten  in  the  form  of  Sq.  (2.4a) 

Sjif)  «fl‘Hlgp2/fNeff.  (2.18a) 

(b)  Quentuffl  1/f  noise  in  the  surfAce  recombinAtion  current  of  n^-o  diodes.  This  effect 
is  CAused  by  ouAntum  1/f  fluctuAtions  of  the  surfAce  recombinAtion  cross  sections.  The 
CAlculAtion  is  similsr  to  the  previous  (buUO  CAse»  but  the  GR  process  is  locAlized  At  the 
surfAce.  And  the  Additionel  electric  field  Arising  from  the  potentiAl  jump  2U  At  the 
InterfAce  between  the  bulX  end  the  oxide  And  pASSivAtion  lAyers  will  leAd  to  increAsed 
velocity  chAnges  of  the  CArriers  in  the  recombinAtion  process  And  to  lArger  vAlues. 
Including  Also  the  quAntum  1/f  mobility  flixtuAtion  noise  of  the  spreeding  resistence 
cAused  by  the  concerrtrAtion  of  generetion  And  recombinAtion  currents  At  the  intersection 
of  the  depletion  region  with  the  surf  Ace  of  the  diode,  we  obtAin  a  current  noise 
contribution 

Si(f) »  «'HqirgplCtAnh(qV/2KT)]/f(T'no  ♦^'pq) 

+  (^a'gp)2  /TTnfP  ln<A/w2),  (2.19) 

o('h  *  (4«/3T)C2q(V^jj^t•U-V)♦3i<T:{(mn*)i/2^^^^♦)l/2J-2c-2. 
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Here  the  orimed  cuantities  re^fer  to  the  sur-face»  i.e.  we  nave  introduced  the  surtace  GR 
current  the  li'fetimes  in  the  vicinity  ot  the  sup'face  and  the  oarameter  for  surtace 
recombination.  P  is  te  perimeter.  A  the  area  and  W  tthe  width  of  the  Junction.  The 
quantum  l/f  mobility  fluctuation  part  is  expressed  in  terms  of  the  global  oarameter 
which  includes  all  types  of  scattering  weighed  with  the  appropriate  mobility  ratio  factors. 
Introducing  again  an  “effective  carier  number"  = 
the  first  term  of  Eq.  (2.19)  may  be  also  be  written  in  the  form  of  Eq.  (2.6a) 


Sllfl  ■ 


(2.19a) 


Due  both  to  the  surface  potential  Jump  2U  and  the  1/f  noise  of  the  spreading  resistance, 
the  surface  recombination  current  will  be  noisier  than  an  equal  bulk  recombination  current, 
and  this  is  in  agreement  with  the  experimental  data. 

(c)  Injection  -  extraction  quantum  l/f  noise^.  due  to  injection  or  extraction  of  carriers 
across  barriers.  In  this  case#  for  not  too  small  currents 


Si(f) 

(4o</3inC2q(V^j^-V)+3kTl/mpV.  (2.20) 

where  I  is  the  injected  current,  and  t  is  the  time  of  passage  of  a  carrier  through  the 
barrier  region.  Introducing  again  an  effective  carrier  number  *  I  r/q.  Eq.  (2;20)  may 
be  written  in  the  more  general  form  (2.6a)>  valid  also  for  very  small  I 


S,(fl  . 


(2.20a) 


Note  that  in  each  case  as  long  as  it  is  larger  than  1.  is  proportional  to  I  (otherwise 
Nf^f  >  1.  see  below),  and  thator^  depends  on  bias. 

(d)  Recombination  in  the  o  region  of  a  long  n*-p  diode  of  length  w  »  (DpTp,)^^^.  Here, 
for  not  too  small  bias 

S](fl  •  12^11 


=  3iI!T_/a,  a  (4<=</3'J;)C3i<T/m_V  j,  ^2.21a) 


since  (av)2  a  2E/m  end  E  *  3J<T/2.  In  this  case  c<  is  very  small.  At  small  bias  (qV<KT)  the 
'factor  q/3  must  be  replaced  by  qF(if)  with  F  given  by  Bo.  (2.10a). 

(e)  Quantum  l/i  noise  in  the  tunneling  rate.  Tunneling  is  observed  in  n'‘’-o  dicooes  with 
suf'ficient  gate  bias^.  I'f  we  assume  that  the  momentum  change  of  the  carriers  in  the 
tunneling  process  is  of  the  order  of  the  thermal  r.m.s.  momentum »  we  obtain  a  minimal 
Quantum  1/f  noise  power  spectrum 


ST(f)  =  ‘*H^^^^^effJ  *  III  r/q, 


=  <4'>'/3inC3kT/mnV3, 


(2.22) 


where  tris  the  time  of  passage  through  the  barrier»  or  tunneling^  i.e.  the  time  during  which 
each  carrier  contributes  to  the  current  through  the  barrier.  Since  the  width  of  the  barrier 
crossed  by  tunneling  is  small*  this  time  is  very  short*  of  the  order  of  10  -‘S.  N,„  will 
then  become  larger  than  1  at  currents  exceeding  10"^A*  leading  to  a  linear  current 
deoendence  of  the  noise  power.  At  lower  bias  must  be  set  equal  to  unity  in  So.  (2.22). 
and  this  gives  a  Quadratic  current  dependence. 

(f)  UmKlaoo  1/f  noise  in  a  long  rrr>p  diode.  This  can  be  put  in  the  same  form  as  in  the 
previous  case 

Si(f)  «  o(HlIlqF(f)/frn  *  «  III^qF(/)*  (2.23) 

but  nowcc^  is  given  by  (2.15b)  and  is  much  larger  than  in  the  previous  case.  The  function 
Fit)  IS  given  by  Ec.  (2.i0a).  This  contribution*  together  with  the  normal  (non  -  UmKlaoo) 
ohonon  scattering*  intervailey  scattering*  impurity  scattering  and  optical  ononon 
scattering  contributions*  determines  the  Quantum  1/f  mobility  fluctuation  Hooge  oarameter 
However,  not  all  of  these  contributions  are  important,  in  general*  in  a  given 
semiconductor. 


The  following  are  two  cases  in  wmcn  a  satisfactory  quantum  i/f  calculation  nas  not 


been  performed  yet.  Both  are  rather  noisy  processes. 

(a'}  Recombination  at  the  surface  of  the  base  region  in  a  Ge  transistor.  This  orocess  is 
responsible  for  the  base  current  Ijj  and  the  base  noise  SjjjCf).  Since  1^,  is  orooortional  to 
the  surface  recombination  velocity  s»  where  s  docs  not  depend  on  position 

cJIjj/Ib  »  /s  /s:  3u,(f)/Ib2  »  SgCfl/s^,  (2.24) 

where  Sg<f)/s2  should  be  independent  of  bias.  Sjjj(f)  should  thus  be  orooortional  to 
and  this  agrees  with  the  exoeriment. 

(bO  Recombination  at  the  surface  of  the  emitter  space  charge  region.  This  can  occur  in 
silicon  transistors*  even  if  the  base  current  is  mainly  due  to  injection  of  carriers  into  the 
emitter  region*  because  the  recombination  process  is  a  noisy  process.  Let  the 
recomoination  occur  mainly  in  a  narrow  area  iraund  and  let  the  potential  at  x  ^  change  by 
an  amount  when  bias  is  applied.  Then*  if  p^  is  the  hole  concentration  at  x^  for  zero 
bias*  the  hole  concentration  at  xj  with  bias  is  o^exp  (qV^/KT).  Hence  the  recombination 
current  1^.  may  be  written 

Ip  a  q  ojexp(qVj/KT)  A^^s;  <Jlp  =  q  pjCxpiqVj/KT)  A^^/s 


or 

Sjp(f)  »  (q  piA,^^)2exp(2qVj/KT)  Sg(f),  (2.25) 

where  Sg(f)  is  independent  of  bias  and  equal  to  (constant)  /f.  Since  I  «  Ig  exo  (qV/KT)* 

Sjp(f)aconst.I^'^^^'^s/f.  (2.26) 

For  a  V/2*  Sj(f)  is  proportional  to  I*  for  Vj  *  0.75*  as  expected  for  p+-n-p 
transistors*  Sj(f)  is  orooortional  to 


i 


TJies*  are  “liassical’'  theories:  tna'* 


z::r»rB. 

Vhat  haccens  to  the  eauation 


still  tave  to  :s  trarslateo  into  the  ouart'jm 


Slit;  ;2.:7) 

i'f  Ng^^v  1?  This  might  be  the  :ase  ^or  small  devices  at  verv  small  currents.  The  tactor 
in  the  aercminator  is  caused  bv  the  inconerence  ot  the  single  -  carrier  contributions 
w'e~  r:~s  than  one  carrier  are  testing  a  certain  cross  section  or  orocess  rate 
simultaneously.  This,  however,  is  not  the  case  tor  Mg^4<l.  Therefore  should  be 
-eolaced  by  uritv  in  that  case  in  all  -formulae,  so  that 


Sivf.  (2^13) 

in  this  limit.  In  cases  in  which  Ng^^  is  proportional  to  I.  Sj(f)  would  be  orooortional  to  I  at 
high  currents  and  to  at  very  low  currents  in  junctions.  This  is  in  agreement  with 
experimental  observations  by  Radford  and  Jones^.  and  by  DeWames  et  al.»  but  should  be 
-further  investigated  in  each  case  in  relation  to  the  Quantum  l/-f  noise  coherence  length  and 
-:he  junction  area  deoendence  o-f  the  noise  oower  in  this  limit.  Indeed,  the  oroocrtionalitv 
to  I"  IS  usually  oredicted  by  the  theory  even  -for  Njff>i  because  Ng^^  stoos  being 
orooortional  to  I  at  low  currents,  and  becomes  constant.  In  such  devices  the  limit  Ng^^<  1 
can  not  be  reached  unless  the  size  of  the  device  (e.g.  the  Junction  area)  is  further  reduced. 

2.5.  DISCUSSION 


The  Quantum  1/f  noise  formulae  presented  above  have  been  aoolied  by  Radford  and 
Jones^  to  1/f  noise  in  GR.  diffusion  and  tunneling  currents  in  both  double  eoitaxiai  layer 
an  ion  imolanted  n'-o  HgCdTe  diodes.  They  ootained  good  agreement  -win  -the  exoenmentai 
data  in  general,  but  were  a  factor  20  below  the  measured  values  at  positive  gate  bias. 

tre 


wnen  an  inversion  layer  formed  at  the  surface.  This  discrepancy  may  oe  due  botn 


prtstnce  at  positive  gate  bias  o-f  a  noisy  surface  GR  contribution  (Eos.  19-19a)»  and  to 
kinetic  energies  ot  the  tunneling  carriers  above  the  thermal  level  in  the  vicinity  of  the 
inversion  layer. 

Another  previously  unexplained  tact  noted  was  the  ditterence  in  the  tractional  noise 
level  ot  surface  and  bulk  recombination  currents.  This  is  caused  in  Eos.  (2. 19-2. 19a)  both 
by  the  surface  potential  Jump  2U  of  the  order  of  1  Volt  present  at  the  interface  betwen  the 
bulk  and  the  oxide  and  passivation  layers»  and  by  the  quantum  1/f  mobility  fluctuation 
noise  in  the  spreading  resistance  which  affects  the  passage  of  carriers  to  and  from  the 
perimeter  of  the  junction.  Furthermore*  the  higher  noise  level  of  ZnS  -  passivated  diodes 
may  be  caused  by  a  larger  surface  recombination  speed  associated  with  these  coatings 
compared  to  Si02  passivations*  and  by  a  larger  effective  value  of  U.  The  larger  surface 
recombination  speed  pulls  more  of  the  recombuiation  current  from  the  bulk  to  the  surface 
where  it  has  higher  fractional  noise.  The  larger  potential  Jump  U  increases  the  applicable 
Hooge  parameter  according  to  Eq.  (2.19).  Finally*  the  larger  fractional  1/f  noise  levels  of 
ion  implanted  Junctions  is  mainly  caused  by  the  1-2  orders  of  magnitude  lower  carrier 
lifetimes  in  Eqs.  (2.18-2.23)*  which  yield  1-2  orders  of  magnitude  smaller  ^eff  values  and 
larger  fractional  noise  power  values  by  the  same  factor. 

In  order  to  reduce  the  fractional  noise  level*  the  theory  suggests  the  use  of  a  surface 
passivation  which  lowers  the  surface  recombination  speed  and  the  surface  potential  Jump. 
The  ideal  "surface"  would  be  a  gradual  increase  of  the  gapwidth  starting  from  the  bulk 
through  compositional  changes  leading  to  a  completely  insulating  stable  surface  outwards* 
without  the  generation  of  surface  recombination  centers.  In  addition*  the  life  time  of  the 
carriers  should  be  kept  high*  and  abrupt  or  pinched  regions  in  the  Junction  should  be 
avoided.  The  reasonable  choice  of  other  Junction  parameters*  including  the  steepness  of 
the  Junction  and  the  geometry  should  yield  lower  injection  -  extraction  and  bulk 
recombination  noises  by  emphasizing  the  presence  of  the  larger  hole  masses  in  the 
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ienomina'tsrs  ot  the  aoove  exoressicns.  Finally,  conerent  state  1/t  noise  sncuid  he 
avoided  dv  ail  means  dv  cotimizlnd  the  rimensions. 

coherent  states  quantum  i/f  noise  and  the  quantum  i/f  effect 

A  Dhysical*  electrically  charged*  particle  should  be  described  in  terms  si  conerent 
states  oi  the  electromagnetic  •field,  rather  than  in  terms  o-f  an  eigenstate  of  the 
Hamiltonian.  This  is  the  conclusion  obtained  •from  calculations^S  (q^  in^frared  radiative 
corrections  to  any  process)  per-formed  doth  in  FocK  space  (where  the  energy  eigenstates 
are  taKen  as  the  basis*  and  the  particle  is  considered  to  have  a  well  defined  energy)  and  in 
the  basis  of  coherent  states.  Indeed*  all  infrared  divergences  drop  out  already  in  the 
calculation  of  the  matrix  element  of  the  process  considered*  as  it  should  be  according  to 


the  postulates  of  quantum  nechanics*  whereas  in  the  FocK  space  calculation  they  drop  out 
only  a  posteriori*  in  the  calculation  of  the  corresponding  cross  section*  or  process  rate. 
From  a  more  fundamental  mathematical  point  of  view*  both  the  description  of  charged 
oarticles  in  terms  of  coherent  states  of  the  field*  and  the  undetermined  energy,  are  the 
consecuence  of  the  infinite  range  of  the  Coulomb  ootentiai^**.  Both  the  amplitude  and  the 
chase  of  the  physical  particle's  electromagnetic  field  are  well  defined*  but  the  energy*  i.e. 
the  number  of  photons  associated  with  this  field*  is  not  well  defined.  The  indefinite 
energy  is  reouired  by  Heisenberg's  uncertainty  relations*  because  the  coherent  states  are 
eigenstates  of  the  annihilation  operators*  and.  these  do  not  commute  with  the  Hamiltonian. 

A  state  which  is  not  an  eigenstate  of  the  Hamiltonian  is  nonstationary.  This  means 
that  we  should  expect  fluctuations  in  addition  to  the  (Poissonian)  shot  noise  to  be  present. 
What  Kind  of  fluctuations  are  these?  This 

ouestion  was  answered  in  a  previous  caoer^"^.  The  additional  fluctuations  were  identified 
there  as  i/f  noise  with  a  spectral  density  of  2*v/irf  arising  from  each  electron 
independently*  where  A*  1/137  is  the  fine  structure  constant. 
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We  will  briB'fly  aenve  this  result  again  here,  but  we  will  stress  the  connection  Between 
the  coherent  quantum  1/t  noise  anO  the  usual  quantum  l/t  ertect. 

3.1.  COHERENT  QUANTUM  1/^  NOISE 

The  coherent  quantum  i/f  noise  will  be  derived  again  in  three  steos:  tirst  we  consider 
Just  a  single  mode  O'f  the  electromagnetic  field  in  a  coherent  state  and  calculate  the 
autocorrelation  function  of  the  fluctuations  which  arise  from  its  nonstationarity.  Then  we 
calculate  the  amolitude  with  which  this  mode  is  reoresented  in  the  field  of  an  electron. 
Finally,  we  taKe  the  product  of  the  autocorrelation  functions  calculated  for  all  modes  with 
the  amplitudes  found  in  the  previous  step. 

Let  a  mode  of  the  electromagnetic  field  be  characterized  by  the  wave  vector the 
angular  frequency  cq  and  the  polarization  x.  Denoting  the  variables and  A  simply  by 
q  in  the  labels  of  the  states,  we  write  the  coherent  state25~27  amplitude  IZql  and  phase 
arg  Zq  in  the  form 

i2q>  »  exoC-(l/2)IZql^3  exoCZqaq'*‘2  I0>  (3.1) 

*  exoC-<l/2)l2Ql^2  (Zq'^)/n!  in>. 

Let  us  use  a  reoresentation  of  the  energy  eigenstates  in  terms  of  Hermite  polynomials 

Hn(x) 

ln>  «  (2f’n!MB"^^2  expC-x2/2]  Hf,(x)  e^“^  (3.2) 

This  yields  for  the  coherent  state  IZq>  the  representation 

=  exoC-(l/2)l2qi2]expC-x2/23  ^{C2ge^3"/Cn!(2'\02l/2jH^(x) 

*  exDC-(l/2)i2ql^]expL-x2/22expC-z^e“^^‘*'^  2x2b^]  (3.3) 


In  the  last  form  the  generating  function  of  tne  Hermite  ocl'/ncmiais  was  usea*-'  ,  Tne 
corresconding  autocorrelation  function  of  the  oroDaeility  density  function*  ootained  dy 
averaging  over  the  time  t  or  the  ohase  of  i_*  is*  for  l:p,i<<sl* 


P„(<r.x)  =  lYql!’  > 

-  »'lt  rft+T 

=  {1  +  3x^i2ql^Li  +  cosa;^  -  2l2gi^lexpC-x^/2j. 


Integrating  over  x  from-«toas'*  we  find  the  autocorrelation  function 


aUx)  =  2l2gi^cosa«3- 


This  result  shows  that  the  orobability  contains  a  constant  bacKground  with  small 
suoeroosed  oscillations  of  frequency  Physically*  the  small  oscillations  in  the  total 
orobability  describe  a  particle  which  has  been  emitted*  or  created*  with  a  slightly 
oscillating  rate*  and  which  is  more  likely  to  be  found  in  a  measurement  at  a  certain  time 
than  at  other  times  in  the  same  place.  Note  that  for  =  0  the  coherent  state  become:  the 
ground  state  of  the  oscillator  which  is  also  an  energy  eigenstate*  and  therefore  stationary 
and  free  of  oscillations. 

We  now  determine  the  amplitude  z^  with  wich  the  field  mode  o  is  represented  in  the 
physical  electron.  One  way  to  do  this“^  is  to  let  a  bare  particle  dress  itself  through  its 
interaction  with  the  electromagnetic  field*  i.e.  by  performing  first  order  perturbation 
theory  with  the  interaction  Hamiltonian 

H'  «  A  -(e/c)^ A  +  el*  (3.6) 

r 

where  A  is  the  vector  potential  and  Tthe  scalar  electric  potential.  Another  way  is  to 
Fourier  expand  the  electric  potential  e/4irr  of  a  charged  particle  in  a  box  of  volume  V.  In 
boT.n  ways  we  obtain^^ 


!2_;-  »  (e/a)^(fi'coV)“^. 


v; 


Considtnng  now  ill  modes  o-f  the  electro  magnet::  field*  we  obtain  from  the  single  - 


mode  result  of  Eq.  (3.5) 

AC-t)  *  ♦  ZlZql^cosa^  *  Cd  +  2Szq!*coS(^lJ 

*  C{1  +  2(V/2  V)Jd3q  lZql2cosw^«  .  (3.8) 

Here  we  have  again  used  the  smallness  of  Zq  and  we  have  intoduced  a  constant  C.  Using 
Eq.  (3.7)  we  obtain 


A(T)  »  Cd  +  2(V/2%3)(4^/V)(e2/2ftc)  (dq/q)cos  1 

»  Cd  +  2(<x-fr )Jcoi«bt)d<v/a)J .  (3.9) 


Here  <X  »  e^/Afrfic  is  the  fine  structure  constant  1/137.  The  first  term  in  curly  bradfeti  is 
unity  and  represents  the  constant  bacMground*  or  the  dx.  part.  The  autocorrelation 
function  for  the  reUtivt*  or  fractional  density  fluctuations»  or  for  current  density 
fluctuations  in  the  beam  of  charged  particles  is  obtained  therefore  by  dividing  the  second 
term  in  curly  brackets  by  the  first  term.  The  constant  C  drops  out  when  the  fractional 
fluctuations  are  considered.  According  to  the  Wiener-Khintchine  theorem*  the  coefficient 
of  cosu;tis  the  spectral  density  of  the  fluctuations*  S|i|*|2»  or  Sj  for  the  current  density 
j »  e(K/ffl)lY|2 


10) 


Here  we  have  included  the  total  number  N  of  charged  particles  which  are  observed 
symultaneously  in  the  denominator*  because  the  noise  contributions  from  each  paticle  are 
independent.  This  result  is  related  to  the  well  Idiown  quantum  1/f  effect^^"^^.  If  a  beam 
of  charged  particles  is  scattered*  passes  from  one  medium  into  another  medium  (e.g.  at 
contacts)*  is  emitted*  or  is  involved  in  any  kind  of  transitions*  the  amplitudes  Zq  which 
describe  its  field  will  change.  Then*  even  if  the  Initial  state  was  prepared  to  have  a 
well-determined  energy*  the  final  state  will  have  an  indefinite  energy*  with  an  uncertainty 
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dstermined  by  thf  dl'fference  between  the  new  anc  aid  itnalituaes,  dz^.  This,  however, 

IS  just  the  bre msstrahlung  amDlituos^tg.  we  thus  regain  the  familiar  Quantum  i/f  e-f-fect. 
according  to  which  the  small  energy  losses  trom  sremsstahlung  O'f  in'fraouanta  yield  a  tinal 
state  O'f  indefinite  energy,  and  therefore  lead  to  fluctuations  of  the  process  rate,  or  cross 
section,  of  the  orocess  in  which  the  electrons  have  participated,  and  which  has  occasioned 
the  bremsstrahlung  in  the  first  place.  The  calculation  of  piezoelectric  1/f  noise^^  which 
deals  with  ohonons  as  infraauanta,  was  phrased  in  terms  of  the  coherent  field  amplitudes 
2g  for  the  first  time,  although  it  is  concerned  only  with  the  usual  quantum  i/f  effect.  It 
has  o(  substituted  by  the  piezoelectric  coupling  constant  g. 

3.2.  CONNECTION  WITH  THE  USUAL  QUANTUM  l/f  EFFECT 

The  assumptions  included  in  the  derivation  of  the  above  coherent  Quantum  1  /f  noise 
result  are  : 

1  -  The  "bare  particle"  does  not  have  compensating  energy  fluctuations  which  could 
cancel  the  fluctuattions  present  in  the  field.  The  latter  are  due  to  the  interaction  with 
distant  charges,  and  hawe  nothing  to  do  with  the  bare  particle.  Therefore,  this  assumotion 
is  quite  reasonable. 

2  *  The  experimental  conditions  do  not  alter  the  physical  definition  of  the  charged 
particle  as  a  bare  particle  dressed  by  a  cc^erent  state  field.  This  second  assumption 
depends  on  the  experimental  conditions. 

One  way  to  understand  this  second  assumption  is  based  on  the  spatial  extent  of  the 
beam  of  particles  or  of  the  physical  sample  containing  charged  particles,  and  is 
specifically  based  on  the  number  of  particles  per  unit  length  of  the  sample.  According  to 
this  model,  the  coherent  state  in  a  conductor  or  semiconductor  sample  is  the  result  of  the 
experimental  efforts  directed  towards  establishing  a  steady  and  constant  current,  and  is 
therefore  the  state  defined  by  the  collective  motion,  i.e.  by  the  drift  of  the  current 
carriers.  It  is  expressed  in  the  Hamiltonian  bv  the  magnetic  energy  E^,  oer  unit  length,  of 


tne  current  carried  by  the  samole.  In  very  small  samcles  cr  electrcruc  devices,  tnis 
magnetic  energy 

(B^/a^Dd^x  =  CnevS/c32in(R/r)  (3.1  i) 

is  much  smaller  than  the  total  Kinetic  energy  the  drift  motion  a*  the  individual 
carriers 

s  /!/  mv^/2  =  n3mv2/2  *  E,^/s.  (3.12) 

Here  we  have  introduced  the  magnetic  field  B>  the  carrier  concentration  n.  the  cross 
sectional  area  S  and  radius  r  of  the  sample,  the  radius  R  of  the  electric  circuit,  and  the 
"coherent  ratio" 

s  »  a  2ne2s/mc^ln  (R/r)  a  2e^M'/mc2,  0,^3) 

where  N'  *  nS  is  the  number  of  carriers  per  unit  length  of  the  sample  and  the  natural 
logarithm  in(R/r)  has  been  approximated  by  one  in  the  last  form.  We  excect  the  observed 
soectral  density  of  the  mobility  fluctuations  to  be  given  by  a  relation  of  the  form 

(i/^S^(f)  a  (l/l+s)C2«A/fN3  +  {s/l+s)C2»f/trfN:  (3.14) 

which  can  be  interpreted  as  an  expression  of  the  effective  Hooge  constant  if  the  number  N 
of  carriers  in  the  (homogeneous)  sample  is  brought  to  the  numerator  of  the  left  hand  side. 
Eq.  (3.14)  needs  to  be  tested  experimentally.  In  this  equation  A  a  2(iv/c}^/3'n'is  the  usual 
nonrelativistic  expression  of  the  infrared  exponent,  present  in  the  familiar  form  of  the 
quantum  1/f  effect^®"^^.  This  equation  does  not  include  the  quantum  1/f  noise  in  the 
surface  and  bulk  recombination  cross  sections,  in  the  surface  and  bulk  trapping  centers,  in 
tunneling  and  injection  processes,  in  emission  or  in  transitions  between  two  solids. 

note  that  the  coherence  ratio  s  introduced  here  eouals  the  unity  for  the  critical  value 
M'  a  ji"  a  2*10l2/cn)„  e.g.  for  a  cross  section  S  a  2*lO*^cm“  of  the  samole  when  n  *  10^^. 


?ar  smill  samcies  wi+h  M'<<N"  arly  tne  rirst  term  survives,  and  ^or  N'>>N'‘  aniv  the 


second  term  remains  in  £0.  '.3.14).  We  nace  that  an  excressicr  similar  to  So.  3.:4/  will 
allow  us  to  extend  the  present  good  agreement  between  theory  and  experiment  to  the  case 
Of  large  semiconductor  samoies35-38^ 

IV.  QUANTUM  1/4  NOISE  IN  SQUIDS 

Any  cross  section  or  process  rate  de4ined  4or  elecrically  charged  particles  must 
fluctuate  in  time  with  a  1/4  spectral  density  according  to  quantum  electrodynamics,  as  a 
conseouence  o4  in4rared  -  divergent  coupling  to  low  -  freouency  photons^^.  This 
tundamental  c44ect  discovered  10  years  ago.  leads  to  quantum  1/4  noise  observed  in  many 
systems  with  a  small  number  o4  carriers,  and  is  also  present  in  the  cross  sections  and 
process  rates  which  determine  the  resistance  and  tunneling  rate  in  Joscphson  junctions, 
providing  a  lower  limit  o4  the  observed  1/4  noise. 

This  Section  gives  a  brie4  and  physical  explanation  and  deriviation  o4  the  quantum  1/4 
e44ect.  followed  by  a  discussion  o4  the  apolication  to  Joseohson  junctions  and  SQUIDs. 

Consider  a  scattering  experiment .  e.g.  Coulomb  scattering  o4  electrons  on  a  4ixed 
charge  and  4ocus  on  the  scattered  current  which  reaches  the  detector.  Part  Of  the 
Scnroedinger  4ield  o4  this  outgoing  beam  has  lost  energy  h4  due  to  bremsstrar.lung  in  the 
scattering  process.  This  part  inter4eres  with  the  main,  nonbremsstrahlung  part  yielding 
beats  at  any  4requency  4  in  the  outgoing  DeBroglie  waves.  These  beats  are  observed  as 
41uctuations  o4  the  scattered  current  and  interpreted  as  cross  section  41uctuations. 

The  bremsstrahlung  amplitude  is  Known  to  be  (2ar/3T4)^^^v/c.  where  v  is  the  change  in 
the  velocity  vector  o4  the  particles  during  ^e  scattering  process,  and  <x  is  the  4ine 
structure  constant  9^/^c  »  1/137.  The  beat  current  is  proportional  to  this  amoplitude.  and 
the  spectral  density  o4  the  4ractional  current  j  (or  cross  section  T)  41uctuations  is 
there4ore 


(4.1) 


r“Sj(^)  =  <S"“3y(f)  s  4«v2/3TrN^c^, 

wnirn  suniicates  the  number  soectrum  ct  the  emittec  photons.  Here  JJ  is  the  numoer  ot  the 
oarticies  which  are  simultaneously  measuring  the  cross  section. 

In  a  Josephson  junction  the  normal  resistance  Qi  +he  barrier  is  proportional  to  a 
scattering  cross  section  or  transition  rate  experienced  by  the  electron  in  ouasiparticle 
tunelling  and  by  the  Cooper  pairs  below  the  critical  current  Therefore 

Rn‘2Sf,n(t)  =  (4<x/3in  (v2/c2Nt)  =  (3«/3ir)  (vp2/c2M^)  s  4'10‘^^/'6ftl4.2) 

where  we  have  approximated  v^  with  2vp2,  vp  being  the  Fermi  velocity»  and  the  number  a-f 
carriers  N  simultaneously  present  in  the  barrier  ot  volume  ACiny*.^)  by  10^>  tor  barriers 
wider  than  10"^cm. 

Assuming  a  linear  relationship  between  the  critical  current  and  obtain 

similar  to  Rogers  and  Buhrman^® 

Sv(F)  »  (4/t)  10"i2(T/3jocRgg<V)/(Rg+Hj)32 

'«CIjRn(l2/Ij2  -i)-l/2  +  giVivfcL^^  (4.3) 

where  R j(V)  is  the  junction  resistance*  Rg  the  shunt  resistance*  and  g(V)*Rp,/Rj. 

The  noise  caused  in  a  SQUID  by  the  source  considered  above  can  be  obtained  as  the  sum 
ot  the  noise  contributions  from  the  two  junctions. 

In  addition  to  this  noise  present  in  each  junction*  SQUIDs  may  also  allow  us  to  see 
coherent  quantum  1/f  noise 

r2Sj(f)  as  4.6  10*3/fNg^^*  (4.4) 

where  is  an  effective  number  of  carriers  which  define  the  coherent  current  state  in 
the  vicinity  of  the  two  Josephson  junctions.  This  noise  is  caused  by  the  coherent 
character  of  the  field  of  each  current  carrier*  whcih  leads  to  uncertainty  in  its  energy  and 
thereby  generates  an  additional  form  of  Quantum  l/f  noise  in  the  current.  In  practice  the 


3Q 


curnnt  will  tluctuats  less.  aec«rcirs  on  th»  electric  circuit  which  ^eeds  the  SQUID,  out 
•tne  ■flux  through  the  junction  will  •fluctuate.  tne''eDv  exnioiting  a  deoarture  from  a 
oer-fectly  coherent  field  state,  i.e.  i/f  amolitude  and  phase  fluctuations. 

The  above  ouantum  1/f  results  of  Eqs.(4.2)  and  (4.3)  are  in  good  Quantitative  agreement 
with  the  experimental  data^®,  but  the  apolication  to  SQUIDs  of  the  coherent  quantum  1/f 
result  (4.4)  needs  further  investigation  before  a  meaningful  comparison  with  the 
experiment  can  be  performed. 
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